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peer expectations are needed so that the benefits of sharing scientific data can be realized both by the data provider and the receivers of these data.
There are significant costs associated with the process of defining, implementing, and managing a data collection system. These costs can increase significantly as more information becomes necessary to clarify the study data for users who are not part of the research group generating the data. Many experimental factors are held constant within a single experiment, a single laboratory, or a single institution, but which may be important and influential variables to consider when the data are aggregated with other data from other sources. As these shared data are applied to progressively broader scientific questions, a progressively larger set of experimental factors need to be explicitly included with the observations. These data define the experimental context under which the data were generated or gathered. As the universe of potential data users expands, increasing amounts of contextual data are needed to define the study accurately or the set of possibilities from which observations and measurements were derived.
We recommend that the costs associated with collecting and recording these contextual data, and the potential benefits of these data to the scientific community be examined as an integral part of the scientific process. When external funding is sought, a cost-benefit analysis of the data sharing process should be part of the study proposal. For studies where human subjects are involved, the analysis should expand the consideration of costs beyond the personal risks or costs to individual subjects, and include the costs to society of not making efficient use of the available subject population. This analysis should be included as an integral part of the research proposal that is reviewed by the IRB.
In developing the topic of data sharing, we will start with the steps involved in the planning process, and present some of the issues relevant for the sharing of data. The universe of potential dataset receivers is then described. We then discuss the value of shared datasets, and the costs associated with making shared datasets available. We conclude with suggestions for the reviewers of research proposals to determine whether scientific resources could be better used by including provisions for data sharing as an integral part of these proposals.
Planning for Data Sharing
The first step when planning for the sharing of scientific datasets is to describe the classes of potential users of these datasets and, if it is a complex study, to identify those portions or aggregations of the study data that might be of interest to other researchers. The recipient researchers may work in the same field, for whom the data might serve to confirm, supplement, or extend their own scientific results, and help to clarify the scientific potential for different avenues of inquiry. The dataset receivers may also be researchers working in other fields; for them shared data could be used to support a broader scientific hypothesis than their own laboratory or study resources could support. Finally, researchers may be interested in the dataset for testing new analytic methodologies and procedures. Exemplary colleagues from these classes of dataset receivers should be identified and subsequently used to assess the relative utility of these data for their respective classes.
The second step is to ascertain the value of providing these data to other scientists. Certainly, such values will involve a great deal of subjective evaluation, and the greatest values may well not have direct monetary equivalence. But the peer review process is ideally suited to arrive at a set of community values within a scientific discipline, and consensus will evolve. It is more difficult to develop a consensus that is relevant to interdisciplinary research objectives, but with stimulated and interdisciplinary scientific respect, this evaluation can be successful.
Once one or more datasets have been identified as having positive value to other research scientists, a more detailed analysis is required. Thus, the next step involves addressing the level of contextual data and documentation that needs to be provided with the study data to forestall inadvertently injecting noise or bias into the scientific process of the dataset receiving scientist. If the receiving researcher is working in the same scientific discipline, and the contextual variability within the discipline is reasonably well bounded, then this researcher would need little in the way of contextual supporting data. If, however, the researcher is in a different field, additional supporting demographic or contextual data are often necessary to permit data to be integrated into the analysis effort of the receiving discipline.
A number of factors contribute to the costs of data sharing. These include the costs associated with establishing data accretion and analysis procedures for the shared datasets. In addition, consideration should also be given to alternative information system design issues that are relevant to data sharing, and to the impact of contextual data on system operation. The personnel required to prepare those data that would not be needed to perform the study independently, but that would be necessary for the receiver of a shared dataset to make scientifically unambiguous use of the data should also be considered.
A statement relevant to these issues would be prepared by the study investigators for review and evaluation by interested parties representing the host institution, the funding agency, peers of the dataset provider, and representatives of other disciplines with a scientific interest in the dataset. This statement would alert funding agencies, peers, and other interested parties to the potential availability of shared datasets with estimates of the effort that would be needed to bring these datasets into being together with their relative costs.
Pbtential Shared Dataset Receivers
Of central importance to the process of evaluating the potential contribution of shared datasets to the scientific community is the identification of the universe of potential receivers of shared datasets. In the early stages of study design and evaluation it is not always possible to know specifically who would have an interest in using these potential datasets. A somewhat more tractable problem is to identify the categories of users who might benefit from access to these data, but in an age of increasingly interdisciplinary research, even this may pose a formidable challenge.
In general however, we can define three general categories of relationships between dataset receivers and providers: (1) both the data provider and receiver wish to use the data to address topics in the same general scientific area; (2) the data provider and receiver wish to use the data to address different scientific questions; and (3) the data receiver wishes to use the data to develop and test new analytic and procedural methods, not directly related to the research question being addressed by the proposed study. Each of these categories of potential dataset users will need different levels of supporting contextual information to supplement the research dataset.
Data sharing within a discipline. When the data provider and receiver wish to use the data to address the same research topic, they will generally be research peers in the same scientific discipline. As such, they will require less contextual data that is relevant to the experimental methodology, but may still require some significant data about subject or experimental unit selection and rejection criteria. So scientific peerpeer data sharing requires the least amount of contextual supporting data, and as such would be the least expensive for the dataset provider to generate. Yet the process gives rise to scientific and social issues.
The social issue of primary significance to the dataset provider, in the context of scientific peer-peer dataset exchange, is proprietary ownership of the experimental results as intellectual property. In many scientific disciplines, considerable effort is required on the part of the researcher to establish and maintain experimental laboratories and supporting facilities. Without the effort required to maintain both the physical and fiscal facilities, these datasets would not exist. Mechanisms need to be established within disciplines, to assure that appropriate scientific credit be given to the dataset provider, both for experimental accomplishments and for a continuation of fiscal resource allocation support. Without appropriate safeguards for the personal interests of the experimental scientist, a dataset provider has little motivation actively to support and contribute datasets to research peers who are working in the same scientific discipline and on the same general scientific questions.
Data sharing between disciplines. When the data provider and receiver wish to use the data to address different research topics, one or both of the scientists is likely to be working on an interdisciplinary research problem, such as a problem involving the relationship between immunology and the nutritional sciences. With interdisciplinary research, exploratory methodologies differ and a fuller measure of contextual data are generally required. For single disciplinary studies, it is generally the case that experimental treatments are selected from a randomized pool of potential treatments for assignment to subjects. With interdisciplinary studies, however, experimental units are often selected for specific traits or conditions, so that the principle of randomized experimental design may not apply. This makes it extremely important to provide access to additional contextual data so that the dataset receivers can do their best to evaluate whether the experimental data are biased with respect to the new application. The studies we are discussing involving shared data are retrospective, and not prospective, by construction. The fact that such data are of value for developing a scientific hypothesis, and not for confirmation of a hypothesis, needs to be borne in mind and conveyed with the data transfer.
Another issue is that the data receive technically and scientifically correct interpretation. This is important both to the dataset provider and to their scientific discipline. Specific contextual data are also required to help prevent the data from being misinterpreted in the case that the dataset provider and receiver are working in different disciplines. Significant data about the experimental process, and the relationships of these experimental data to the actual study results are needed in addition to data about the subject or experimental unit selection and rejection criteria. So sharing of data between disciplines, or between multidisciplinary research projects, requires considerably more contextual supporting data, and as such would be more expensive for the dataset provider to generate. This situation gives rise to both similar and new social issues that are not encountered with the peer-peer dataset exchange. The social issue of primary significance to the provider of datasets to other disciplines is still the question of proprietary ownership of the experimental results as intellectual property. Mechanisms need to be established across disciplines, which assure appropriate scientific credit be given to the dataset provider and to their respective disciplines, both for disciplinary intellectual and for a continuation of scientific resource allocation support.
Data sharing with research methodologists. Research that impacts the scientific process itself, such as the development of new statistical methods or new information management technologies, is commonly motivated by novel data structures and novel approaches to constructing lines of inquiry. The development of methodologies appropriate to modern datasets requires that these scientists have access to sample datasets from modern experimental environments.
When the dataset receiver is working on developing new research or analytic methodologies, the requisite contextual data are those that are more related to the underlying design and experimental methods employed, and less on the specific inquiries that are under investigation. This additional level of abstrac-Co Q 0 9 MD~3 tion relieves much of the issue of intellectual propriety of the data itself, but does necessitate the inclusion of documentation and contextual data that are related to the scientific methodologies employed by the dataset provider. This abstraction also relieves much of the interpretation and scientific disciplinary credit social issue. Both the dataset provider and their scientific discipline benefit from enhanced analytic and methodological results, but the cost of providing the contextual data must still be borne by someone.
The Value of Shared Data
The value of shared data is the sum of the benefits to the scientific effort realized by each of the recipients of the datasets. Since benefits are not always measurable strictly in fiscal terms, we need to bear this expanded definition of value in mind. It is often the case that research questions cannot be fully addressed due to lack of laboratory, technical, or subject availability support. Without this support it is difficult for otherwise well qualified scientists to address scientific questions of personal and societal interest.
It may also be the case that a scientific facility is more expensive to a society to establish and maintain, for addressing certain types of scientific issues, than that society is willing to afford for each prospective research scientist. Society will provide for only a few such facilities. But to avoid intellectual stagnation, there is a continual need for fresh scientific perspectives, most generally available from scientists outside these facilities. One mechanism for expanding the impact of these facilities and reducing the risk of stagnation is to promote the sharing of datasets from these facilities with the ensuing interchange of scientific ideas. From this perspective, the value of the shared dataset can only be measured in terms of the value of the science that is accomplished with the dataset. To base the value of shared datasets on the cost of the establishing, maintaining, and operating the research facility is to ignore the aggregate value of the science that is accomplished with the products of those facilities by a scientific community that is broader than just the scientific staffs of these facilities.
In general there are five types of uses for shared datasets: (1) repeated, independent st dy analysis; (2) comparisons with studies having similar scientific objectives; (3) interdisciplinary scientific investigation; (4) comparisons through meta-analysis of study result statistics; and (5) comparisons of study results with new experimental and analytic methodologies. Each of these types of uses has a slightly different temporal ordering for the achievement of scientific progress, and it would be difficult to assess the relative importance of any one type of use.
The independent analysis of study results tends to assure that the data are stable in support of a scientific hypothesis and that published study results are not the result of biased or arbitrary application of analytic procedures. From an analysis of the contextual data, flaws in the study design and implementation are often clarified. This is not to imply that scientific researchers do not adhere to extremely high ethical standards, but rather that when the datasets are viewed from perspectives, and with biases, other than those of the experimentalist, new insights may be found into the underlying scientific principles under study.
When datasets are analyzed in conjunction with other experimental results in the same scientific area, the analytic results tend to be stronger than the results which are obtained without the additional data. This additional strength is achieved by both the increase in the number of experimental trials represented by the experimental data, and by an increase in the experimental variation that has been introduced into the testing of the experimental hypothesis. The experimental variations are represented by the contextual data and methods of assessing their contribution to proving a scientific hypothesis can be found in Cohen.2
The contribution of shared datasets to multidisciplinary research lies principally in expanding the scope of the original objectives to include scientific hypotheses that derive from an intersection of the disciplines represented by the shared datasets. Often, where one discipline may not be able to fully explain an experimentally observed phenomenon, the combined data resources from multiple disciplines will be able to provide a sufficiently broad scientific basis for such an explanation. In some respects then, the collection of shared datasets helps to refine the hypotheses that are under investigation in an interdisciplinary study, whereas the shared datasets serve to broaden hypotheses in a single disciplinary study.
Statistics represent experimental data at varying levels of abstraction and summarization. Where it is not possible or feasible to share the original or source data of a study, it is still possible to share statistics derived from those data. Generally only those statistics that are relevant to the direct experimental study results are published in scientific journals. If one is interested in using the results of a study as part of a research program then it is worthwhile that a fuller range of statistics be included as shared data than would be reported in scientific journals. These statistics, together with contextual data, and documentation regarding the calculations of the statistics would constitute the shared datasets. The process of selecting the most useful statistics for summarizing data, and the supporting contextual data which will be of use for shared dataset receivers, is an emerging statistical subfield. For a detailed introduction to the meta-analysis, the methods for combining statistics across studies, see Hedges and Olkin.3 Science is a process by which we seek to expand our knowledge of our environment. As such, it is continually expanding and changing. One of the traits of modern science is that a certain amount of effort be applied to improving the experimental process itself. This is done in two ways, by improving experimental and laboratory techniques, and by strengthening the analytic process through the development of new analytic procedures. For scientists who are working in these areas, access to datasets that are consistent with the research of the methodologists is important. It is essential that new techniques and procedures be demonstrable improvements over existing techniques for them to be applicable.
The Cost of Sharing Data
Whereas the recipient of datasets receives direct benefits, the generator of these datasets currently bears the majority of the costs, including extending the information system design to accommodate contextual information, setup and programming costs, and system operating costs. These are in addition to those costs that are incurred in the physical process of distributing the datasets and the effort to put together documentation that make the datasets meaningful. The costs associated with distribution will be very minor compared with the costs of providing adequate information describing the datasets and the methods by which it was obtained, the contextual data.
Sharing data can be defined as the process of transferring the results of scientific inquiry from one researcher to another. For such a transfer to be meaningful these data must be carefully defined with respect to the measurements that have been included as data and the context under which experiments were conducted. Not only are the fields of data and their physical format important, but also, the units of measure for the individual fields, the explicit definitions of codes used, the criteria under which experimental results were selected or rejected from inclusion in the dataset, the criteria that were applied for the selection or rejection of experimental units for inclusion in the study, and the explicit protocols that were applied to the handling of experimental units during the study.
The inclusion of full and complete field definitions and their units of measure or codification scheme are essential for any meaningful evaluation of a dataset, whether it is for internal laboratory or study use or for sharing with scientific peers. Thus, the maintenance of this information in explicit form, together with definitions of editing criteria, is consistent with reasonable information processing documentation standards, and should not be considered as a special cost associated with data sharing in the information age.
The criteria for experimental unit inclusion or rejection both from the shared dataset and from the study itself, and the explicit protocols that were applied to the experimental units during the course of the study, are often more difficult to state explicitly, but are of no less scientific importance to the receiver of shared datasets than the definitions of the data themselves. It is these data that are in some respects unique to the dataset documentation requirements of a shared scientific dataset. These are the data that define the experimental or study context for the scientific observations. The workers in a laboratory or study context generally know or have access to the source records, laboratory books or study notes, that form the basis for the study context. The receiver of a shared dataset does not have the advantage of ready access to this information, and so these data need to be included with the scientific datasets. Martin4 provides a good survey of the tasks and organization required to manage data efficiently in a moderately large to large experimental environment, together with the supporting information needed for datasharing.
The Role of the IRB and the Funding Agencies
We have stressed that it is important to recognize that the efforts that permit the sharing of data have value to the recipient, and to society in general, and not to the provider, at least not directly to the provider. Thus the data provider has little or no incentive to perform the work required to share data. Peer scientists, scientists in other disciplines, and methodologists have an opportunity to enhance the value of experimental data to the scientific community and to society by promoting data sharing. Active leadership by the IRB and the funding agencies is needed to precipitate the social changes that are necessary. We do not advocate that it is cost effective to share all data and we have refrained from giving an explicit formula for determining cost and benefits. These are values that must be achieved by consensus and will differ dramatically with the scope and duration of the scientific investigations as well as with the scientific discipline in question.
We do advocate that scientific progress would benefit from giving representatives of potential recipients a forum for presenting their needs and some leverage by which to obtain the datasets. The IRB and the funding agencies can provide such a forum, encourage debate, and require datasharing when deemed appropriate. It will take experience in each of the disciplines to learn the appropriate questions to ask of the investigators if data are to be shared. At least a contact person and phone number for requesting data should be evident. Perhaps a great deal of the contextual data are available in existing protocols. It is the data receivers who must judge whether or not this is the case. One place they can make such judgments is on site visits or review committees. This task should be made a part of the charge to such groups.
The task of providing documentation cannot be minimized if data are to be shared. Although we supported a shared multidisciplinary information system at the Fred Hutchinson Cancer Research Center, site review teams typically deleted any requests made for the purpose of documenting the data that was computerized. In our opinion this was very unfortunate for interdisciplinary investigations because the information that scientists required was buried in a few people's minds. If a dataset exists and is available, it will be used. Only if strict documentation standards are met will science benefit in the long term. The possibilities of misuse are so great. Such efforts must be funded if data sharing is to be profitable to society and not just add to the count of publications on someone's vitae.
In conclusion, we advocate data sharing as a means of enhancing scientific progress. But we recognize the substantial costs of providing high quality data that will result in a positive contribution to science and not just confuse scientific quests and further burden the libraries with misleading analyses. If data are to be shared it should be well prepared for the task. The IRB and the funding agencies stand in a critical position to stimulate the social changes that are required to open datasets for investigation to a broad scientific community. 
